Giant cold satellites from low-concentration haloes by Amorisco, Nicola C.
MNRAS 000, 000–000 (0000) Preprint 18 January 2019 Compiled using MNRAS LATEX style file v3.0
Giant cold satellites from low-concentration haloes
Nicola C. Amorisco1,2?
1Max Planck Institute for Astrophysics, Karl-Schwarzschild-Strasse 1, 85748 Garching, Germany
2Institute for Theory and Computation, Harvard-Smithsonian centre for Astrophysics, 60 Garden St., Cambridge, MA 02138, USA
18 January 2019
ABSTRACT
The dwarf satellite galaxies of the Milky Way Crater II and Antlia II have uncommonly
low dynamical mass densities, due to their large size and low velocity dispersion.
Previous work have failed to identify formation scenarios within the ΛCDM framework
and have invoked cored dark matter haloes, processed by tides. I show that the tidal
evolution of ΛCDM NFW haloes is richer than previously recognised: tidal heating
causes the innermost regions of haloes that fall short of the mass-concentration relation
to expand significantly, resulting in the formation of giant, kinematically cold satellites
like Crater II and Antlia II. Furthermore, while the satellite is reaching apocenter,
extra-tidal material can cause an even more inflated appearance. When present, as
likely for the larger Antlia II, nominally unbound material can be recognised thanks
to its somewhat hotter kinematics and line-of-sight velocity gradient. Contrary to
other formation scenarios, Crater II and Antlia II may well have experienced very
little mass loss, as in fact hinted by their observed metallicity. If indeed a satellite of
NGC1052, tidal evolution of a low-concentration halo may similarly have led to the
formation of NGC1052-DF2.
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1 INTRODUCTION
The satellite galaxies of the Local Group include the least
luminous galaxies known as well as the most dark matter
(DM) dominated (e.g. McConnachie 2012; Errani et al. 2018;
Fattahi et al. 2018). Their properties are indicative of the
structure of low mass DM haloes and, as such, at the center
of numerous studies aimed at deriving constraints on the
nature of DM itself.
The structural properties of two newly discovered ‘gi-
ant satellites’, Crater II (CraII, Torrealba et al. 2016) and
Antlia II (AntII, Torrealba et al. 2018), have recently stirred
the field. Both CratII and AntlII have a luminosity that
is not much different from the one of Draco (LV,Draco ≈
2.9 × 105 L, McConnachie 2012) and close to the regime
of the Classical dwarfs. However, both are extremely dif-
fuse: with a half-light radius of Rh ∼ 1.1 kpc, CratII has a
surface brightness of µ & 30; the half-light radius of AntlII
is a surprising Rh ∼ 2.9 kpc, for a surface brightness of
µ & 32. Both dwarfs are currently at a significant galac-
tocentric distance and both are close to the apocenters of
their orbits. Both are kinematically cold: the line of sight
(LOS) velocity dispersion of AntII is of σ = 5.7±1.1 kms−1
(Torrealba et al. 2018), the one of CraII is of an impress-
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ing σ = 2.7 ± 0.3 kms−1 (Caldwell, et al. 2017). AntII is
a clear outlier in the size-luminosity plane (Torrealba et al.
2018), CraII a significant outlier in the size-velocity disper-
sion plane (Caldwell, et al. 2017). The inferred dynamical
mass density of both dwarfs within their half-light radius is
accordingly and uncommonly low for their luminosity (Cald-
well, et al. 2017; Torrealba et al. 2018).
Recent works have found it impossible to reproduce
such low dynamical mass densities within a ΛCDM frame-
work (Sanders et al. 2018; Torrealba et al. 2018). On the
one hand, it is well established that tidal evolution causes
a progressive suppression of the velocity dispersion of the
remnant (Hayashi et al. 2003; Pen˜arrubia et al. 2008, 2010;
Sanders et al. 2018), making a prolonged processing likely
for AntII and CraII. On the other hand, this contrasts with
their especially large size, as the same works have also shown
that cosmologically motivated cuspy NFW haloes are not ef-
ficiently tidally heated and that the half-light radius of the
satellites they host does not significantly grow during tidal
evolution.
This prompted the exploration of satellites hosted by
haloes with cored density profiles, as if sculpted by baryonic
feedback or caused by alternative DM models. These stud-
ies have revealed that cores are more efficiently heated by
tides (Errani et al. 2015; Sanders et al. 2018; Torrealba et al.
2018) and a combination of a cored halo and significant tidal
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disruption has therefore been invoked to justify the proper-
ties of CraII and AntII. In particular, Sanders et al. (2018)
and Torrealba et al. (2018) propose that the progenitors of
– respectively – CraII and AntII should have already had a
significant size before infall and, most importantly, should
have been significantly more luminous.
In this Letter, I show that, like cored haloes, cuspy
NFW haloes that fall short of the mass concentration rela-
tion are also more efficiently affected by tidal heating. Fur-
thermore, the apparent size of these ‘giant satellites’ can be
inflated by stellar material that is nominally unbound, but
which remains spatially and kinematically coherent with the
bound remnant itself. Section 2 collects a few preliminary
considerations on tidal processing, Section 3 illustrates re-
sults from controlled numerical experiments, Section 4 dis-
cusses implications.
2 CONSIDERATIONS ON TIDAL HEATING
The reference work on the tidal evolution of cuspy satel-
lite galaxies around the Milky Way (MW) is (Pen˜arrubia
et al. 2008), in which the authors use N-body experiments
to study the evolution of a satellite NFW halo (Navarro et
al. 1996) orbiting in a potential that mimics the MW. The
satellite has a virial mass of Mvir ∼ 4 × 109M and an ac-
cordingly high concentration of c = 20. Interestingly, the
authors find that the time evolution of the structural prop-
erties of the bound remnant depend only on the fraction
of mass lost to tidal stripping. As this fraction increases,
the velocity dispersion of the embedded satellite decrease
while the effective radius evolves more slowly and eventu-
ally decreases. This result has been broadly confirmed by a
number of subsequent works, all of which have investigated
the tidal evolution of low mass and, therefore, highly con-
centrated NFW haloes (Pen˜arrubia et al. 2010; Errani et al.
2015; Sanders et al. 2018; Torrealba et al. 2018). In turn,
if featuring a central core, similar satellites are found to
experience significant expansion of their innermost regions
(Errani et al. 2015; Sanders et al. 2018).
I leave a detailed exploration of the mechanism under-
lying this dichotomy to future work, but briefly explain its
origin here in terms of the phase space properties of a cuspy
or cored halo, both approximately isotropic. In a cuspy NFW
halo, i) the mean distance from the center 〈r〉 of individual
particles goes to zero when proceeding deeper and deeper
into the energy distribution of the system; ii) sub-systems
composed of just the most bound q% of the same energy
distribution are self-bound. The combination of these two
facts makes the central regions of NFW haloes highly re-
silient to tidal processing and heating. In turn, the orbits of
the most bound particles of a cored halo extend for a signif-
icant fraction of the core itself and tidal heating more effi-
ciently affects the very bottom of the energy distribution of
the system, causing even its innermost regions, where stars
are hosted, to expand1. Similarly, in NFW haloes with de-
creasing concentration, the energy injected by tidal shocks
1 The leading order of the kinetic energy gained by the individ-
ual particles of a system after the latter completes a pericentric
passage is quadratic in the mean distance 〈r〉 (e.g., Ostriker et al.
1972; Spitzer 1987; D’Onghia et al. 2010).
grows with the increasing 〈r〉, while the binding energy of
the most bound subset decreases. Cuspy NFW haloes with
lower-than-average concentration should therefore be more
susceptible to tidal heating, as I show in the following.
3 NUMERICAL EXPERIMENTS
I set up satellite haloes as isotropic spherical NFWs with a
total ofN = 4×106 particles, and put them in orbit around a
similar host halo with Mvir,host = 10
12.2M and chost = 12.
I use standard orbital properties for an average cosmologi-
cal accretion event around a MW mass halo at intermediate
times (e.g., Jiang et al. 2015): with the notation of Amor-
isco (2017), I use rcirc/r0 = 4, where rcirc is the radius of
a circular orbit with the same energy, and j = 0.6 where
j is the classical orbital circularity. I do not attempt to re-
produce the orbital properties of AntII or CraII in detail,
but this orbit remains broadly analogous to what inferred
for these satellites and perhaps intermediate between the
two, with an apocenter and pericenter of respectively 126
and 28 kpc. All studied satellites have the same virial mass
of Mvir = 10
9.9M, but I consider different values for the
concentration: c = (18, 9, 4.5). The former is closer to the
mean concentration for this mass at z = 0, the others are
nominally 2.15σlog c and 4.3σlog c away from the mean, where
σlog c ≈ 0.14 dex (Ludlow et al. 2014). Note, however, that
the mean concentration of ΛCDM haloes decreases with in-
creasing redshift (c = 9 would be closer to the mean at
z = 1, e.g. Ludlow et al. 2014, 2016). I let these haloes orbit
for a total of 12 Gyr.
I consider five different values for the initial half-light
radius Rh,i of the stellar component before infall, between
Rh,i = 180 pc and Rh,i = 800 pc. The simulations include
no stellar particles and the dynamics of the stars is traced
using those DM particles that are most bound before infall.
Phase-space weights are a function of pre-infall energy alone
and have a value of 1 for energies below some threshold q,
or 0 above that (see e.g. Cooper et al. 2010). Each pair of
(c,Rh,i) corresponds to a different tagging fraction q.
3.1 Bound remnants
Figure 1 displays the time evolution of the bound remnants.
From left to right, columns refer to the three different con-
centrations. Upper panels show the half-light radius, Rh.
Middle panels the velocity dispersion, σ. Lower panels show
the bound fraction, in both stars (full lines) and DM (empty
diamonds). In all panels, vertical grey lines identify pericen-
tric passages, lines of different colors refer to different values
of Rh,i. The shaded regions display 2σ confidence intervals
for the observed properties of CraII (in cyan) and AntII
(in green). As time progresses, all three haloes continuously
lose DM, as shown by the diamonds in the bottom panels,
but the speed at which they do so is substantially differ-
ent. The satellite hosted by the least concentrated halo is
fully disrupted by the end of the simulation, for any Rh,i. If
the satellite hosted by the c = 18 halo has Rh,i < 400 pc,
it experiences no stripping by t = 12 Gyr. Both Rh and σ
assume an observer located at the galactic center, which is
appropriate given the current location of CraII and AntII.
MNRAS 000, 000–000 (0000)
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Figure 1. The tidal evolution of the bound remnants in projected half light radius (upper panels), line-of-sight velocity dispersion
(middle panels), bound fraction (lower panels), for haloes of different concentrations. The observer is located at the galactic centre. Lines
of different colour refer to different values of the pre-infall half-light radius (see text for details).
In each column, satellites with larger Rh,i contain the par-
ticles tagged for lower Rh,i, implying that values of Rh and
σ remain ordered at all times. As tides proceed to remove
more and more bound particles, in an outside-in fashion, the
five different curves converge to a unique time dependence.
In agreement with previous work, the velocity disper-
sion is seen to progressively decrease. We find this is the
case independently of the initial concentration. Note how-
ever that the initial values of the velocity dispersion are sub-
stantially different due to the different concentrations. When
c = 4.5 and c = 9, Rh is seen to efficiently expand after the
first few pericentric passages. Then, as stellar mass begins
to be lost, Rh decreases, ‘breathing’ with orbital phase. The
case c = 18 appears to follow a qualitatively similar but
much slower evolution. Equally high values of Rh are not
achieved and, even when the system is at its most expanded,
σ is too high to satisfactorily compare to AntII or CraII.
As highlighted by the vertical shading in the right col-
umn, a bound remnant that can reproduce the properties
of CraII is seen at t ≈ 4.4, after the third pericentric pas-
sage. At that time its velocity dispersion is approximately
independent of the pre-infall properties. In turn, in order
to achieve a large enough Rh, it must be Rh,i & 500 pc,
corresponding to a bound fraction fbound . 0.25. No bound
remnant as extended as AntII is seen in these simulations.
3.2 Extratidal material but no extended stream
Extra-tidal material is known surround the bound remnant
in a diffuse halo that, in many cases, has a characteristic
power-law dependence, ρ ∼ r−4 (e.g., Binney 1982; Jaffe
1987; Pen˜arrubia et al. 2010, 2017). As I will show, the
dynamics of the extratidal material is different in the case
of low-concentration haloes, especially when the satellite is
about to reach apocenter. Unbound material remains spa-
tially and kinematically coherent with the bound remnant,
further inflating its apparent size.
Figure 2 shows the three satellites at the time t = 4.4
Gyr. Each row corresponds to a different value of the concen-
tration. Left, middle and right columns show stellar particles
as projected onto the satellite’s orbital plane, the sky, and
on the plane of tangential velocity. In the latter two columns
orbital motion is along the vertical axis and the projection
assume a viewer at the galactic center, which lies in the di-
rection indicated by the blue arrow in the left panels. The
blue line in the same panels shows the satellite’s orbit: the
satellite is close to reaching apocenter. In all panels, stellar
particles shown in red are nominally bound, black parti-
cles are unbound. For all three values of the concentration
Rh,i = 800 pc.
The amount of unbound material grows with decreas-
ing concentration, but what is more striking is that its loca-
tion in the orbital plane depends on the concentration too,
despite the identical orbital phase. This is likely due the
decreasing velocity (and energy) differences with respect to
the remnant, which decrease the relative streaming speed
when concentration decreases (e.g. Johnston 1998; Amorisco
2015). The insets in the middle column show the projected
density profile of the bound and all stellar particles (in red
and black, respectively). As shown by the guiding blue lines,
the unbound halo is as steep as expected when c = 18, with
a power-law slope between −3 and −4. Instead, the density
profile of the extratidal material becomes more and more
shallow in the less concentrated haloes, difficult to disentan-
gle from the bound remnant. The vertical black lines in the
same insets show the ‘observed’ half-light radius Rh,o, whose
value is reported at the bottom-right of the middle panels:
the unbound material significantly inflates the apparent size
of the satellite, up to Rh,o = 5.6 kpc for the c = 4.5 case!
As shown by the right column, the same unbound material
remains highly coherent in tangential velocity, difficult to
disentangle from the remnant also based on proper motion.
The insets in the right column show the line-of-sight velocity
distribution (LOSVD), i.e. the distribution of radial veloci-
ties. In all rows the red profile refers to the bound remnant
(the red vertical line shows the corresponding velocity dis-
MNRAS 000, 000–000 (0000)
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Figure 2. Bound (red points) and unbound (black points) stellar material at t = 4.4 Gyr, when the satellite is close to reaching apocenter
after the third pericentric passage. Rows refer to haloes of different concentration, see the text for details.
persion), the black dashed lines select all stellar material
with R < Rh,o, the full black line refers to the aperture
R < 2Rh,o. Note that extratidal material becomes hotter in
proceeding further out from the bound remnant, but part
of this signal may be lost when in the presence of other
background contamination.
Figure 3 focuses on the lowest concentration case, c =
4.5, at the time t = 5.8 Gyr, when the satellite is reach-
ing apocenter after its fourth pericentric passage. Differently
from what done in Fig. 2, here I choose the initial properties
of the stellar component so as to match the current Rh of
CraII and AntII. This requires Rh,i ≈ 220 pc for CraII and
Rh,i ≈ 350 pc for AntII. As in Fig. 2, the upper-left panel
shows density profiles, using red and black crosses for the
mock CraII system and red and grey points for the mock
AntII system. The lower-left panel shows the LOSVDs, in
black for CraII and grey for AntII. Both are kinematically
cold, featuring a bound core with σ = 1.7kms−1 and out-
skirts with gradually broader LOSVDs. Note however that
the measured velocity dispersion will in fact depend on the
adopted model and on the properties of any additional con-
tamination. As shown by the upper-left panel, the mock An-
tII system includes a larger fraction of extratidal material
which, as shown by the sky projection in the right panel,
features a significant radial velocity gradient. This is a dis-
tinctive observational signature which can be sought with
spectroscopic samples that extend extend well outside the
observed half-light radius.
Finally, note that in the models illustrated in Fig. 2
and 3 the ‘observed satellite’ comprises essentially the en-
tirety of the stellar material of the progenitor. In each case,
a stream can be ‘added’ by considering larger values of Rh,i,
but it is remarkable that, if formed from low-concentration
haloes, systems like CraII and AntII may in fact have experi-
enced very little mass loss and display no associated stream.
This is different from what predicted in previous work, but
in fact better matches the observed properties of both CraII
and AntII, whose current stellar masses are approximately
in line with what expected based on their metallicity (Cald-
well, et al. 2017; Torrealba et al. 2018).
MNRAS 000, 000–000 (0000)
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Figure 3. Density profiles (upper-left panel) and line-of-sight
velocity distribution (lower-left panel) of a mock CraII and AntII
system, respectively in black and gray. The right panel shows a
sky projection of the mock AntII system, illustrating the velocity
gradient featured by the outer parts of the system.
4 DISCUSSION
This Letter reinforces that tidally processed satellite galax-
ies may appear significantly different from what expected
based on cosmologically motivated, isolated NFW haloes.
Previous work has already shown that the central veloc-
ity dispersion of ΛCDM haloes on the mass-concentration
relation decreases with time, which causes the dynam-
ical mass density to decrease accordingly. This Letter
shows that the spread in the achievable properties is wider
than previously recognised, as haloes that fall short of
the mass-concentration relation before infall also expand
more efficiently. Given the significant width of the mass-
concentration relation of ΛCDM haloes, this can be expected
to have a substantial importance in shaping the properties
of the population of current Local Group satellites (see also
Fattahi et al. 2018). In particular, tidal processing of low-
concentration haloes naturally results in the formation of
uncommonly large and kinematically cold bound remnants
with especially low dynamical mass densities. When the
satellite is close orbital apocenter the appearance of these
remnants may be further inflated by unbound material. This
provides a formation pathway for CraII and AntII (but pos-
sibly also Andromeda XIX Collins et al. 2013; Collins 2017,
and other Local Group satellites) which remains fully within
the ΛCDM framework, without requiring the presence of
dark matter cores.
Due to their inclination to expand, the tidal processing
of cored haloes has also been proposed as a possible for-
mation scenario for satellite ultra-diffuse galaxies (UDGs,
Carleton et al. 2018; Ogiya 2018), which, as AntII and
CraII extend the galaxy population towards large sizes in
the size-luminosity plane (e.g., Koda et al. 2015; Danieli &
van Dokkum 2018). This Letter suggests that tidal evolution
of low-concentration haloes may represent a useful line of in-
vestigation for UDG formation. In particular, as CraII and
AntII, also NGC1052-DF2 has recently been at the centre
of significant attention because of its possibly very low dy-
namical mass density (van Dokkum et al. 2018). This result
is currently debated, with regard to both DF2’s distance
D (van Dokkum et al. 2018; Trujillo et al. 2018) or pre-
Figure 4. Tidal evolution of the bound remnants in a mock
NGC1052-DF2 system.
cise value of the LOS velocity dispersion σ (van Dokkum et
al. 2018; Martin et al. 2018; Laporte et al. 2018; Emsellem
et al. 2018; Danieli et al. 2019). Nonetheless, it is interest-
ing to note that the simulations presented here can broadly
reproduce the possibly extreme properties of DF2, even if
D = 20 Mpc and σ . 15 kpc.
I rescale the host mass to Mvir,host = 10
13.2M as ap-
proximately appropriate for NGC1052 (e.g., Ogiya 2018).
This brings the density profiles of two most concentrated
satellites to match those of haloes with Mvir = 10
10.9M
and concentrations c = (13, 6.5). The left panel of Fig. 4
shows the evolution of their bound remnants in the plane
(Rh, σ), respectively with empty diamonds and crosses. In
a number of snapshots the bound remnant of the satellite
hosted by the c = 6.5 halo reproduces the assumed prop-
erties of DF2, shown by the shaded region. For these se-
lected models the middle and right panels show the frac-
tion of stars that is still bound to the remnant, fbound,
and the mass enclosed within Rh, M(< Rh). If the pro-
genitor of DF2 was initially less concentrated than sug-
gested by the mass-concentration relation, enclosed masses
8 . logM(< Rh)/M . 8.5 are not unfeasible. More closely
tailored work will better address the case of DF2 as the
present simulations do not include a self-gravitating stel-
lar component. However, it remains useful to highlight here
how DF2, CraII and AntII are likely connected, and how
the tidal evolution of satellites hosted by low-concentration
haloes may be responsible for the remarkable properties of
all of these systems.
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